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We consider electrovacuum black hole spacetimes in classical extensions of Eddington-inspired
Born-Infeld gravity. By rewriting Born-Infeld action as the square root of the determinant of a
matrix Ωˆ, we consider the family of models f(|Ωˆ|), and study black hole solutions for a power-
law family of models labelled by a simple parameter. We show how the innermost structure of
the corresponding black holes is modified as compared to their General Relativity counterparts,
discussing in which cases a wormhole structure replaces the point-like singularity. We go forward to
argue that in such cases a geodesically complete and thus non-singular spacetime is present, despite
the existence of curvature divergences at the wormhole throat.
PACS numbers: 04.40.Nr, 04.50.Kd, 04.70.Bw
I. INTRODUCTION
Nowadays we have large experimental evidence sup-
porting the standard ΛCDM model, which is based on
Einstein’s General Theory of Relativity (GR), a cold
dark matter contribution and a tiny cosmological con-
stant [1]. Nonetheless there are several difficulties asso-
ciated with the theoretical basis of this framework. On
the one hand, there are several theorems predicting the
unavoidable existence of singularities deep inside black
holes and in the early universe [2], where spacetime ge-
ometry breaks down and Physics looses predictability.
On the other hand, one also faces the ad hoc charac-
ter of the dark matter/energy sources since, despite the
fact that many proposals to identifying their nature have
been introduced along the years (see e.g. [3] for some
reviews), there has been no direct experimental evidence
at particle accelerators so far, though projects of indi-
rect astronomical searches are ongoing [4]. An alterna-
tive approach, instead of proposing unknown dark mat-
ter/energy components, is represented by the theoretical
attempts to address these issues by enlarging the gravita-
tional sector, which has been considered in the literature
according to different perspectives. For example, high-
energy modifications of GR have been studied within the
theory of quantized fields in curved spacetimes [5], from
fundamental unifying theories such as string theory [6] or
loop quantum gravity [7], or though brane-world models
[8].
It should be noted that the renormalizability of the
matter fields in curved spacetimes requires a high-energy
completion of the Einstein-Hilbert Lagrangian of GR in-
volving quadratic (and higher order) terms in curvature
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[5]. Unfortunately, these contributions generically in-
volve higher-order derivative equations (with the notable
exception of the well known class of Lovelock gravities
[9]), which implies the existence of ghost-like particles,
besides making it much more difficult to find exact solu-
tions. Nonetheless, many models like the popular f(R)
ones, have been widely investigated with the purpose of
phenomenological applications in inflation, dark energy,
late-singularities and so on [10, 11].
It is worth pointing out that for decades many other
approaches to gravitational physics has been pursued, of
which we bring forward Eddington’s proposal [12]. It is
based on the consideration of actions without the need
of a metric (purely affine approach), namely
SEdd =
1
κ2ǫ
∫
d4x
[√
|R(µν)(Γ)|
]
, (1)
where vertical bars denote a determinant and R(µν) is the
symmetric part of the Ricci tensor, which only depends
on the affine connection Γ ≡ Γλµν . However, the addition
of matter to this action yields a theory whose dynamics
is fully equivalent to the Einstein-Hilbert Lagrangian of
GR with a cosmological constant term, as was shown in
Ref.[13]. To overcome this degeneracy problem of the
solutions, Deser and Gibbons proposed an extension of
Eddington’s action using a model dubbed Born-Infeld
gravity [14] (later studied in detail in Ref.[15]), and which
on its simplest version is defined by the action
SBI =
1
κ2ǫ
∫
d4x
[√
−|gµν + ǫRµν(Γ)| − λ
√
−|gµν |
]
+ Sm(gµν , ψm) . (2)
This action can be recognized as the gravitational coun-
terpart of Born-Infeld theory of electrodynamics [16],
2where Maxwell field strength tensor Fµν is replaced by
the Ricci tensor Rµν . The following definitions apply: ǫ
is a small parameter with dimensions of length squared,
κ2 = 8πG is Newton’s constant, λ is a constant which
is related to an effective cosmological constant (this will
be explained in detail later), gµν is the space-time metric
and Sm(gµν , ψm) =
∫
d4x
√−gLm is the matter sector,
where the matter Lagrangian, Lm(gµν , ψm), is assumed
to couple only to the metric gµν , and ψm denotes collec-
tively the matter fields. In much the same way that Born-
Infeld action for matter removes the divergence of elec-
tron’s self energy in classical electrodynamics, one could
wonder whether similar mechanisms could operate on the
gravitational side to remove spacetime singularities1. In
this sense, it is worth noting that Born-Infeld gravity has
been found to have many applications in astrophysics and
cosmology [18].
Following the spirit of Eddington’s approach, Born-
Infeld gravity is formulated in the Palatini approach,
where metric and connection are regarded as indepen-
dent degrees of freedom. This means that, as opposed
to the standard metric approach, the connection is not
constrained a priori to be given by the Christoffel sym-
bols of the metric [see e.g. [19] for a detailed description
of this approach and [20] for a pedagogical explanation].
We point out that the question of whether the underly-
ing structure of spacetime is Riemannian or not (or, in
other words, whether the geometry is completely deter-
mined by the metric degrees of freedom or non-metricity
is present) is as a fundamental question as the number of
spacetime dimensions or the existence of supersymmetry,
but which has received comparatively little attention un-
til very recent times [20]. Interestingly, current research
using the Palatini approach in several theories of grav-
ity, like f(R) [21], with Ricci-squared corrections [22] and
in higher-dimensional generalizations [23], has explicitly
shown that these theories yield second-order field equa-
tions for the metric, absence of ghost-like instabilities,
and recovery of Einstein equations in vacuum. Moreover,
it has been found that Born-Infeld gravity with ǫ < 0
yields nonsingular black hole solutions when coupled to
an electromagnetic field [24], and to bouncing cosmolo-
gies [25] [we note that Ban˜ados and Ferreira in Ref.[15]
studied the corresponding solutions with ǫ > 0, with the
result that a singularity is always present].
A natural question in this context is to what extend the
singularity avoidance is attached to the particular func-
tional form of Born-Infeld gravity or, in other words, how
robust is this result. It is thus important to investigate
further gravitational actions in looking for nonsingular
solutions. In this sense, by noting that Born-Infeld ac-
tion (2) can be rewritten as
1 Note in passing by that the coupling of Born-Infeld and other
theories of electrodynamics to GR has been unable to provide a
consistent resolution to the issue of spacetime singularities, see
e.g. [17] for some literature.
SBI =
1
κ2ǫ
∫
d4x
√−g
[√
|Ωˆ| − λ
]
+ Sm(gµν , ψm) , (3)
where g denotes the determinant of gµν , the object
Ωˆ ≡ gˆ−1qˆ (here a hat denotes a matrix representation)
and qµν ≡ gµν + ǫRµν , new models with an additional
trace term were considered in [26], while in [25] a fam-
ily of polynomial f(|Ωˆ|) models were studied, both with
regard to bouncing cosmologies. In both cases it was
found that the existence of bouncing solutions is robust
against changes in the equation of state. The main aim
of this work is to consider spherically symmetric black
hole spacetimes with a family of power-law f(|Ωˆ|) mod-
els labelled by a single parameter, which recovers GR at
low energies and are analytically tractable, and to in-
vestigate in which cases do wormhole structures exist.
This goes beyond previous results for both the origi-
nal Born-Infeld gravity case [24] and of Palatini gravity
containing quadratic curvature corrections on the cur-
vature scalar and Ricci-squared terms [22] (as we shall
see, the latter arises in the low-energy expansion of the
models considered here, see Eq.(32) below). In those
cases where wormhole structures arise, we show that the
corresponding spacetime is geodesically complete, which
we argue makes such solutions to be regarded as non-
singular. This is so despite the fact that some of the cur-
vature scalars generically diverge on a sphere of radius
the wormhole throat, but these curvature divergences do
not prevent the completeness of geodesics.
This work is organized as follows: in Sec.II we intro-
duce the action and conventions, and cast the field equa-
tions in suitable form for calculations. These field equa-
tions are explicitly written for electrovacuum solutions in
Sec.III and solved for a particular family of theories in
Sec.IV. The resulting solutions are characterized in detail
in Sec.V, where we pay special attention to their geodesic
completeness. Sec.VI contains our conclusions and some
perspectives for future work.
II. ACTION AND FIELD EQUATIONS
The action of our theory is defined as follows:
S =
1
k2ǫ
∫
d4x
√−g[f(|Ωˆ|)− λ] + Sm(gµν , ψm) , (4)
with the definitions above. Note that the Ricci tensor,
defined as Rµν ≡ Rαµαν , where
Rαβµν = ∂µΓ
α
νβ − ∂νΓαµβ + ΓαµλΓλνβ − ΓανλΓλµβ , (5)
is the Riemann tensor, is entirely constructed out of the
connection Γ ≡ Γλµν , which is a priori independent of
3the metric gµν . The action (4) represents a natural gen-
eralization of the Eddington-inspired Born-Infeld grav-
ity (2), which is obtained as a particular case of Eq.(4),
fBI = |Ωˆ|1/2.
To obtain the field equations we conveniently introduce
a scalar field, A, and rewrite the action (4) as
Sf =
1
κ2ǫ
∫
d4x
√−g
[
f(A) + (|Ωˆ| −A)fA − λ
]
+ Sm ,
(6)
This is indeed the action of a scalar-tensor theory, where
the scalar field and the potential are given by
φ =
df
dA
; V (φ) = A(φ)fA − f(A) , (7)
respectively. When a Lagrangian density f(A) is given,
one is able to construct explicitly both φ and V (φ). As
described in detail in Ref.[25], the field equations for this
theory can be obtained through variation of (6) with re-
spect to metric, connection and scalar field, which yields
φ|Ωˆ|qµν −
(
φ|Ωˆ|+ V (φ) + λ
)
2
gµν = −κ
2ǫ
2
T µν (8)
∇λ
[
φ
√−g|Ωˆ|qµν
]
= 0 (9)(
|Ωˆ| − dV
dφ
)
= 0 . (10)
where T µν = − 2√−g δSmδgµν is the energy-momentum tensor
of the matter. To solve these equations we proceed as
follows: first we note that (10) simply establishes an al-
gebraic relation between the fundamental object |Ωˆ| and
the potential V (φ), which allows to express φ as a func-
tion of |Ωˆ| once the Lagrangian density f(A) is given. On
the other hand, from the definition Ωˆ = gˆ−1qˆ we take the
determinant on both sides to obtain |Ωˆ| = |q|/|g|, which
implies
√−g = √−q|Ω|−1/2. Using this result we can
conveniently rewrite the equation for the connection (10)
as
∇λ
[√−ttµν] = 0 , (11)
where we have introduced the object
tµν = φ|Ωˆ|1/2qµν ; tµν = q
µν
φ|Ωˆ|1/2 . (12)
Eq.(11) tells us that the independent connection, Γλµν ,
can be expressed as the Christoffel symbols of the rank-
two tensor tµν :
Γλµν =
tλα
2
(∂µtαν + ∂νtαµ − ∂αtµν) . (13)
The reason to introduce this manipulation is that, as we
shall see at once, the field equations in terms of tµν can
be cast under a simple, Einstein-like representation.
Using again the definition Ωˆ = gˆ−1qˆ one can rewrite
(8) as
φ|Ωˆ|[Ωˆ−1]µν =
(
φ|Ωˆ|+ V (φ) + λ
)
2
δµν − κ
2ǫ
2
T µν . (14)
Since we have already discussed that (10) gives us φ =
φ(|Ωˆ|), it follows that (14) simply establishes an algebraic
relation between the matrix [Ωˆ−1]µν and the energy-
momentum tensor T µν . Once [Ωˆ
−1]µν is known, one can
obtain an expression for qµν which only depends on gµν
and the matter. This means that Eq.(14), rather than a
differential equation involving second-order derivatives of
the connection Γ, it is an equation depending linearly on
Γ, on the first derivatives of gµν and on derivatives of |Ωˆ|,
which is just a function of the energy-momentum tensor
of the matter. Therefore, the connection Γ is a non-
dynamical object completely determined by the matter.
Now, to cast the field equations in amenable form
for calculations, we start from the basic definition
qµν = gµν + ǫRµν(Γ) and multiply it by q
µν to obtain
ǫqµαRαν(Γ) = δ
µ
ν − [Ωˆ−1]µν . Next, using Eqs.(12) and
(14) we obtain
Rµ
ν(t) =
κ2
2φ2|Ωˆ|3/2
(
LGδ
ν
µ + Tµ
ν
)
, (15)
where Rµ
ν(Γ) = Rµ
ν(t) since Γ is the Levi-Civita con-
nection of tµν , see Eq.(13), and the Lagrangian density
reads explicitly
LG =
1
κ2ǫ
(
φ|Ωˆ| − V (φ) − λ
)
. (16)
Note that, in general, LG and |Ωˆ| appearing on the right-
hand-side of the field equations (15) are functions of
the matter sources. This means that (15) represents
a system of second-order field equations for tµν , where
all the objects on the right-hand-side depend solely on
the matter sources. Solving these equations, and using
the definitions (12) and qµν = gµαΩ
α
ν one can obtain
gµν = tµα[Ωˆ
−1]αν/(φ|Ωˆ|1/2), which provides a full solu-
tion to this problem, once a Lagrangian density, f(|Ωˆ|),
and a matter source, Lm, are specified. Let us also point
out that in vacuum, Tµ
ν = 0, we can write gµν = tµν
(modulo a trivial re-scaling) and, together with the de-
pendence of Ωα
ν , |Ωˆ| and φ on the matter sources, the
field equations (15) boil down to those of GR (with a cos-
mological constant term as long as λ 6= 1), which implies
the absence of ghost-like degrees of freedom.
4III. ELECTROVACUUM SPACETIMES
Let us consider now as the matter sector of our the-
ory a standard electromagnetic (Maxwell) field, with La-
grangian density
Lm = − 1
8π
FµνF
µν , (17)
where Fµν = ∂µAν − ∂νAµ is the field strength ten-
sor of the vector potential Aµ. Let us assume a static,
spherically symmetric spacetime with line element, ds2 =
gttdt
2−grrdr2−r2dΩ2, where r is the radial function. For
an electrostatic, spherically symmetric field, whose only
non-vanishing component is F tr(r), the Maxwell field
equations, ∇µ(√−gFµν) = 0, lead to F tr = Q/(r2√−g),
where Q is an integration constant identified as the elec-
tric charge. The corresponding energy-momentum tensor
for this matter source reads
Tµ
ν =
Q2
4πr4
( −Iˆ 0ˆ
0ˆ Iˆ
)
, (18)
where Iˆ and 0ˆ are the 2 × 2 dimensional identity and
zero matrices, respectively. In this case, the relation (14)
reads
φ|Ωˆ|[Ωˆ−1]µν =
1
2
(
Ω−Iˆ 0ˆ
0ˆ Ω+Iˆ
)
, (19)
where we have defined the objects
Ω± = φ|Ωˆ|+ V (φ) + λ∓X , (20)
and X ≡ ǫκ2Q24πr4 . Taking the determinant of (19) we ob-
tain
φ2|Ωˆ|3/2 = Ω−Ω+
4
, (21)
which is an algebraic equation for the object |Ωˆ|, which
can be solved once the gravity Lagrangian density is
given, at least numerically. On the other hand, the field
equations read in this case
Rµ
ν(t) =
2
ǫΩ−Ω+
(
ω+Iˆ 0ˆ
0ˆ ω−Iˆ
)
, (22)
where we have defined ω± = φ|Ωˆ|−V (φ)−λ∓X . These
equations provide a full solution to this problem once the
f(A) function is specified. In the following section we
shall consider a particular family of extensions of Born-
Infeld gravity.
IV. A FAMILY OF THEORIES
Let us consider a family of theories of the form
f(|Ωˆ|) = |Ωˆ|n/2 , (23)
so that n = 1 corresponds to the standard Born-Infeld
gravity. For this family, the scalar field functions charac-
terizing the model read
A =
(
2φ
n
) 2
n−2
; V (φ) =
n− 2
2
(
2φ
n
) n
n−2
. (24)
Using Eq.(10) we obtain |Ωˆ| ≡ (2φ/n) 2n−2 and therefore
we get
φ =
n
2
|Ωˆ|n−22 ; V (φ) = n− 2
2
|Ωˆ|n2 . (25)
The determinant equation (21) becomes now
n2|Ωˆ| 2n−12 = Ω−Ω+ , (26)
where in this case we have
Ω± = (n− 1)|Ωˆ|n2 + σ± , (27)
with the definition
σ± = λ∓X . (28)
Eq.(26) can be solved for any value of n, though numeri-
cal methods may be needed in some cases. This provides
the fundamental object, |Ωˆ|, that characterizes the the-
ory and allows to solve the field equations (22). Finally
we need to write the explicit relation between gµν and tµν
in this case, so we use (19) and (25) to write the matrix:
Ωµ
ν = n|Ωˆ|n2
(
Ω−1− Iˆ 0ˆ
0ˆ Ω−1+ Iˆ
)
, (29)
which implies
tµν =
n2
2
|Ωˆ| 2n−12 gµν
(
1
Ω
−
Iˆ 0ˆ
0ˆ 1Ω+ Iˆ
)
(30)
=
1
2
gµν
(
Ω+Iˆ 0ˆ
0ˆ Ω−Iˆ
)
,
where in the last equality Eq.(26) has been used.
5A. Low-energy limit
In the limit ǫ≪ 1 (low-energy limit) one can formally
write Ωˆ = Iˆ + ǫPˆ and expand the determinant in series
of ǫ as |Ωˆ| ≈ 1 + ǫTr[Pˆ ] + ǫ22
(
Tr[Pˆ ]2 − Tr[Pˆ 2]
)
+O(ǫ3),
where Tr[T ] denotes the trace of T . Since one can verify
that Tr[Pˆ ] = R and Tr[Pˆ 2] = RµνR
µν , it follows that
lim
ǫ→0
|Ωˆ|n/2 ≈ 1+ nǫ
2
R+
nǫ2
4
(n
2
R2 −RµνRµν
)
+O(ǫ3) .
(31)
Therefore, the action in the low-energy limit boils down
to
lim
ǫ→0
Sf =
∫
d4x
√−g
[
(1 − λ)
ǫκ2
+
n
2κ2
R
]
+ ǫ
∫
d4x
√−g
[ n
4κ2
(n
2
R2 −RµνRµν
)]
(32)
+ O(ǫ2) + Sm .
With the definitions κ˜2 ≡ κ2/(n) and Λ = (λ − 1)/(nǫ)
we can read the action (32) as that of Einstein-Hilbert
with a cosmological constant term Λ, and the next-to-
lowest order defines a quadratic gravity model. Since
the parameter ǫ has dimensions of length squared, one
could assume, from quantum gravity considerations, to
be of order ǫ ∼ l2P , where lP =
√
~G/c3 is Planck’s
length. Since the limit ǫ → 0 represents situation where
the curvatures involved (or the energy scales) are much
smaller than Planck’s scale, this implies that the predic-
tions of these theories are in completely agreement with
all available observational data (in particular, those com-
ing for solar system constraints, see e.g. [1]). However,
on the high-energy region, where the curvatures involved
are extremely large (like in the innermost region of black
holes), they provide theoretical scenarios where we can
probe new dynamics beyond GR, which is precisely the
regime we are interested in this work.
B. Solution of the field equations
To solve the field equations (22) with the definitions
above we introduce two line elements imposing staticity
and spherical symmetry, one for gµν :
ds2 = −A(r)dt2 + B(r)−1dr2 + r2dΩ2 , (33)
and another for tµν :
ds˜2 = −e2ψ(x)C(x)dt2 + C(x)−1dx2 + x2dΩ2 , (34)
where the two sets of functions (A(r), B(r)) and
(e2ψ(x), C(x)) are to be determined by resolution of the
field equations and the transformations (30), and dΩ2 is
the angular sector on each line element. In particular,
the transformations (30) yield the relation between the
radial coordinates of each metric as
x2 =
1
2
r2Ω− , (35)
which implies that r = r(x) in Eq.(33). This relation
plays a key role in the characterization of the innermost
structure of the corresponding solutions, as we shall see
at once.
Now, using Mathematica and the fact that the com-
ponents of the independent connection Γλµν are given by
the Christoffel symbols of tµν , see Eq.(13), we obtain
Rt
t = −Cxx
2
[
Cxx
C
−
(
Cx
C
)2
+ 2ψxx +
+
(
Cx
C
+ 2ψx
)(
Cx
C
+ ψx +
2
x
)]
(36)
Rx
x = −Cxx
2
[
Cxx
C
−
(
Cx
C
)2
+ 2ψxx +
+
(
Cx
C
+ 2ψx
)(
Cx
C
+ ψx
)
+
2
x
Cx
C
]
(37)
Rθ
θ =
1
x2
[1− C(1 + xψx)− xCx] . (38)
where ψx ≡ dψdx , Cx ≡ dCdx and so on. From the substrac-
tion Rt
t−Rxx = ψx, and equating to the right-hand-side
of the field equations (22), it follows that ψx = 0 and thus
ψ =constant, that can be put to zero by a redefinition of
the time coordinate, like in GR. To solve the component
(θ
θ) of the field equations, we introduce a mass ansatz
C(x) = 1− 2M(x)
x
, (39)
which, inserted into (22) together with the definitions of
this section, yields
Mx = x
2 |Ωˆ|n/2 − σ+
ǫn2|Ωˆ| 2n−12
, (40)
where Mx ≡ dMdx and we have used the relation (35).
Taking a derivative in (35) we obtain
dx
dr
= ±
(n− 1)|Ωˆ|n2 (1 + n4 r|Ωˆ|r|Ωˆ| ) + σ+√
2Ω
1/2
−
, (41)
Using this in (40) we get the result
6Mr =
r2
2
(|Ωˆ|n2 − σ+)Ω1/2−
ǫn2|Ωˆ| 2n−12
(42)
×
[
(n− 1)|Ωˆ|n2
(
1 +
n
4
r|Ωˆ|r
|Ωˆ|
)
+ σ+
]
, (43)
where Mr ≡ dMdr . Therefore, the function C(r) gets de-
termined by
C(r) = 1− 2M(r)
rΩ
1/2
−
, (44)
where we stress that r = r(x). To simplify the notation,
let us introduce some definitions. First, since in this work
we are interested in the case ǫ < 0 (to match with the
results of [27, 28], where wormhole and regular solutions
were found) we define the length scale l2ǫ = −|ǫ|/2 (note
that this induces a change in the sign of X and, con-
sequently, in the related objects σ± and Ω±). In addi-
tion, we introduce a new dimensionless radial coordinate
z = r/rc, where r
4
c = l
2
ǫr
2
q , with r
2
q = κ
2Q2/(4π) (so
X = −1/z4). In these units, we can formally integrate
the mass function as M(z) = M0(1 + δ1G(z)) (where
rS = 2M0 is Schwarzschild’s radius, which emerges as an
integration constant) and write
C(z) = 1− 1 + δ1G(z)
δ2zΩ
1/2
−
, (45)
so now z = z(x). This way the problem gets parameter-
ized by the two constants
δ1 =
1
2rS
√
r3q
lǫ
; δ2 =
√
rqlǫ
rS
, (46)
while the (dimensionless) function G(z) satisfies
dG
dz
= −z2 (|Ωˆ|
n
2 − σ+)Ω1/2−
n2|Ωˆ| 2n−12
×
[
(n− 1)|Ωˆ|n2
(
1 +
n
4
z|Ωˆ|z
|Ωˆ|
)
+ σ+
]
. (47)
Finally, we make use of the transformation (30) and take
into account Eq.(35) to write the line element (33) for
the physical metric gµν as
ds2 = −Adt2 + 1
AΩ2+
dz2 + z2(x)dΩ2 , (48)
where A = C/Ω+. When n = 1 (standard Born-Infeld
gravity case) the metric expression gets simplified as the
function |Ωˆ| can be analytically solved as |Ωˆ| = σ2+σ2−
and it follows that the function G(z) satisfies now
Gz =
(
1
z2
− λ− 1
λ
z2
)
σ+
σ
1/2
−
, (49)
which reduces to expression Gz =
z4+1
z4(z4−1)1/2 in the
asymptotically flat case. The corresponding properties
of these solutions were analyzed in detail in Ref.[24]. In
vacuum, M(x) = M0, and the solutions reduce to the
Schwarzschild black hole of GR. In what follows we shall
only consider asymptotically flat spacetimes, λ = 1.
Due to the Maxwell fall off of the electromagnetic field,
at large distances we have z2(x) ≃ x2, G(z) ≃ −1/z
and these geometries recover the Reissner-Nordstro¨m
(RN) solution of the Einstein-Maxwell field equations,
A(r) ≃ 1 − rS/r + r2q/(2r2). This implies, in particular,
that the locations of the horizons, given by the solutions
zh of the function A(zh) = 0, which is translated into the
equation δ2zhΩ−(zh)1/2 = 1+ δ1G(zh), will much be the
same as those of the RN solution, at least for macroscopic
black holes. Only as the region of high-density or very
short scales (of size ∼ l2ǫ ) is approached, one finds devia-
tions with respect to those solutions, and this is actually
the region we are interested in this work. The most re-
markable modification comes from the behaviour of the
radial coordinate z(x). For z ≫ 1 this relation is linear
so the role of x as the standard radial coordinate of GR
is restored [as so is the RN behaviour]. In this sense, we
note that using the coordinate z(x) in the line element
(48) is under the important constraint of being strictly
monotonic, and thus the change of coordinates (41) could
be not well defined beyond x = 0 (where z = 1) in those
cases where |Ωˆ|z=1 = 0, since it can induce the behaviour
dz/dx = 0 there. In such a case, to cover the whole space-
time one would need a single coordinate x ∈ (−∞,∞),
but two copies of the coordinate z, one for the interval
where z grows with growing x, and another for the inter-
val where z decreases with growing x, which is reflected
on the existence of two signs in Eq.(41), namely
x
rc
= ±zΩ1/2− , (50)
where we have reabsorbed the factor
√
2 by redefining
x → √2x. It is thus clear that the radial coordinate
z(x) reaches a minimum at x = 0, where it bounces
off. There is an immediate and well known interpreta-
tion for this fact, which is that the line element (48) de-
scribes a wormhole structure [see [29] for a full account
on wormhole physics], where the throat z = 1 (x = 0)
interpolates between two asymptotically flat space-time
regions. Nonetheless, the possibility of such an extension
beyond x = 0 is subjected to some constraints, as we
shall see below. Wormholes are non-trivial topological
structures, which in GR are unavoidable supported by
exotic energy-matter sources violating the energy con-
ditions [29], though this does not need to be so in the
context of modified gravity.
7To further describe the wormhole geometry we would
need the explicit expression of z = z(x), which requires
to invert the relation (50) and thus the full knowledge of
the object |Ωˆ| is needed. This is a highly non-trivial task,
though, and the obtention of a closed expression for this
object in all the range of definition of the solutions seems
not to be possible (at least, analytically). Therefore, in
the next section we will consider series expansions around
z = 1, which nonetheless is the region we are interested,
and study the behaviour of the metric functions there.
C. Finding |Ωˆ|
To simplify the analysis, let us focus on asymptotically
flat solutions, λ = 1. Inserting Eq.(27) into Eq.(26),
taking the square root on both sides and with a little
rearrangement we get
n2|Ωˆ|n− 12 − (n−1)2|Ωˆ|n−2(n−1)|Ωˆ|n2 = 1−z−8 . (51)
This is the key equation to be solved for a given n around
the region z = 1, since this is the minimum value acces-
sible to the radial function. To this end we write |Ωˆ| in
terms of power series over that region as
|Ω| =
∞∑
i=1
ai(z − 1)ni , (52)
where ai and ni (which are not necessarily integers) are
constants depending only on n, which labels each theory.
By inserting the expression (52) into the left-hand-side
of Eq.(51), and performing series expansion on the right-
hand-side, we just need the coefficients of each term on
both sides to be equal. A glance at the different leading
terms and their powers on both sides of the Eq.(51) natu-
rally leads to a classification in three cases: 0 < n < 1/2,
1/2 < n ≤ 1 and n > 1, which we study separately.
1. 0 < n < 1
2
In this case the lowest order term on the left-hand side
is n2|Ωˆ|n− 12 . However, as the region z = 1 is approached,
the left-hand side of Eq.(51) would be divergent when
|Ωˆ| → 0, while the right-hand-side vanishes. Thus this
case cannot represent wormhole solutions and we disre-
gard it from our analysis.
2. 1
2
< n ≤ 1
In this case the lowest order term on the left-hand side
is still n2|Ωˆ|n−1/2, which goes to zero as |Ωˆ| → 0, which
is consistent with the behaviour of the right-hand-side.
Solving the corresponding equation for the leading order
term one gets
|Ωˆ| ≃
(
8
n2
(z − 1)
) 2
2n−1
+ . . . , (53)
where hereafter dots refer to other terms than the dom-
inant ones. Eq.(57). Replacing this expression in the
definition of Ω−, given in Eq.(27), we obtain
Ω− ≃ 4(z − 1) +
(
8(z − 1)
n2
) n
2n−1
+ . . . . (54)
Note that, since 12 < n ≤ 1 the (z−1) term is actually the
leading order term in Eq.(54). As Ω− is the key object
governing the behaviour close to the region z = 1 [see
Eq.(50)], this implies a universal behaviour for all the
models within this subclass, which is exactly the same as
that found in the original Born-Infeld gravity model (n =
1). We note that using Eq.(50) with the approximation
(54) yields a cubic equation
x2 ≃ 4z2(z − 1) , (55)
for the behaviour of the radial function z = z(x) around
the wormhole throat. Solving this equation numerically
we plot z(x) in Fig.1 around the wormhole throat z = 1,
and compare it with the known behaviour for standard
Born-Infeld gravity (n = 1). As expected, we find a com-
plete agreement around the throat x = 0, this result due
to the same behaviour there of the fundamental object
characterizing the theory and its solutions, |Ωˆ|. Thus,
a smooth bounce occurs at x = 0, which confirms the
presence of a wormhole structure in all these cases 2.
We also note that the fundamental object |Ωˆ| can
be numerically computed in all range of definition of
z ∈ [1,∞), and is plotted in Fig.2. There it is seen
that for any value of 12 < n ≤ 1 the object |Ωˆ| interpo-
lates smoothly and uniquely between asymptotic infin-
ity, r4c/r
4 → 0, where |Ωˆ| = 1, and the wormhole throat,
r4c/r
4 = 1, where |Ωˆ| = 0.
3. n > 1
In this case the leading term on the left-hand side of
(51) is −2(n − 1)|Ωˆ|n2 , which has the correct vanishing
behaviour as |Ωˆ| → 0. Equating both sides of Eq.(26) we
obtain
|Ωˆ| =
(
4(1− z)
n− 1
) 2
n
+O(z − 1) 2n . (56)
2 For completeness of this analysis, we point out that in the case
n = 1/2, performing similar expansions one gets that around
x = 0 the relation between coordinates is expressed as x2 =
z
3
2
+ O(z5). This implies that dz
dx
|x=0 and, as we shall below,
these cases cannot be identified as wormholes.
8Figure 1. Top figure: representation of the radial function
z(x) around the wormhole throat x = 0 in the case 1/2 <
n ≤ 1 (solid black line), resulting from solving Eq.(50) with
the approximation (55). The dashed blue line represents the
behaviour found in the standard Born-Infeld gravity model
(n = 1) in the full range, and both solutions coincide in the
region around x = 0, as expected. Bottom figure: we have
enhanced the range of x to compare with the GR solution
(dotted red line), z = |x|, to which all solutions with 1/2 <
n ≤ 1 approach (because of the Maxwell fall off in all cases)
for large x.
To get the expression for Ω− in Eq.(27), we find that
when replacing the leading order term it cancels out with
the σ− contribution and, therefore, we have to calculate
the next-to-leading order of |Ωˆ| to get a consistent re-
sult. This is done by requiring the next-to-leading order
term in −2(n− 1)|Ωˆ|n2 to cancel with the leading term of
n2|Ωˆ|n−1/2 in Eq.(51). So finally we have
Ω− ≃ n
2
2
(
4(1− z)
n− 1
)2− 1n
+ . . . , (57)
which is the result we need for the computations of the
next section.
V. CHARACTERIZATION OF THE SOLUTIONS
Once the explicit behaviour of |Ωˆ| and Ω− around the
relevant region z = 1 (x = 0) are known, we can study the
Figure 2. Representation of |Ωˆ| as a function of r4c/r
4 when
1/2 < n ≤ 1 for the values n = 1 (solid black curve) cor-
responding to standard Born-Infeld gravity, and the models
n = 4/5, 2/3, 5/9.
metric there by inserting such expressions into Eqs.(47)
and (45). Consistently with the previous section, let us
split our analysis into two separated cases
A. 1/2 < n ≤ 1
In this case, to lowest order in (z − 1), we have the
following behaviour for the function G(z) in (47)
dG
dz
≃ 1
(z − 1) 12 + . . . (58)
G(z) ≃ −1/δnc + 2(z − 1)
1
2 + . . . . (59)
where δnc is an integration constant for each model la-
belled by n, whose value must be properly tuned to give
the right far contribution (Coulombian) of the electro-
magnetic field at large distances, G(z) ≃ −1/z, of the
RN solution of GR. With the expressions above, the cor-
responding expansion for the metric function A(x) be-
comes (note that Ω+ ≃ 2 around z = 1).
A(z) ≃ δ1 − δ
(n)
c
4δ2
√
z − 1 +
1
2
(
1− δ1
δ2
)
+ . . . . (60)
This way, we have all the necessarily elements to charac-
terize the behaviour of the geometry (48) around z = 1
(or x = 0). We already know, from the bouncing of the
radial function z(x) around the region x = 0 displayed
in Fig.1, that all solutions with 1/2 < n < 1 represent a
wormhole structure with exactly the same behaviour as
the solutions of the standard Born-Infeld gravity exten-
sion of GR (corresponding to n = 1). This is in sharp
contrast to the GR behaviour (Reissner-Norsdstro¨m so-
lutions) where, instead of a wormhole, as one approaches
9to r = 0 a point-like singularity is met. To further un-
derstand the geometry there, we can compute the be-
haviour of the Kretschman scalar, K = Rα
βγδRαβγδ, at
the wormhole throat x = 0, which yields a general struc-
ture
K(z) ≃ (δ1 − δ
(n)
c )3
4δ22(δ
(n)
c )2(z − 1)3
− 5(δ1 − δ
(n)
c )2
8δ22(δ
(n)
c )2(z − 1)2
+ O
(
(δ1 − δ(n)c )
(z − 1)
)
. (61)
Thus, the Kretchsman generically diverges there, though
such a divergence can be removed for the particular
choice δ1 = δ
(n)
c , since in this case one gets the result
K(z) ≃ γn + ηn(z − 1) + . . . , (62)
where the constants γn and ηn take complicated ex-
pressions depending both on the value of n chosen and
how many additional terms in the series (60) are taken,
though the general structure (62) remains unmodified.
Nonetheless, we point out that the existence of diver-
gences in (some of) the curvature scalars does not nec-
essarily imply the existence of a spacetime singularity,
despite the fact that in much of the literature both con-
cepts are taken to be equivalent (see e.g. [36], where
different solutions free of curvature divergences are re-
viewed and summarized). This is so because in the for-
mulation of the singularity theorems [2] no reference is
given to pathologies in the curvature scalars, but instead
they make use of the concept of geodesic completeness,
namely, whether any time-like or null geodesic can be ex-
tended to arbitrarily large values of the affine parameter
or not. Indeed, this is widely accepted to be the most re-
liable criterium to deal with spacetime singularities [30],
since time-like and null geodesics are associated to the
free falling paths of physical observers and to the trans-
mission of information, respectively [see [31] for a recent
discussion on this topic]. On the other hand, the effect of
curvature divergences upon extended observers crossing
the divergent region is a question that has to be analyzed
separately 3.
To investigate the geodesic completeness issue in our
case we consider a geodesic curve, γµ = xµ(λ), with
tangent vector uµ = dxµ/dλ, where λ is the affine pa-
rameter and, instead of solving the geodesic equation,
3 This has investigated in detail in the case of standard Born-Infeld
gravity (n = 1), with the result that the presence of curvature
divergences do not necessarily imply the loss of causal contact
among the constituents making up a physical observer [32], and
that the problem of scattering of waves off the wormhole is well
posed [28], supporting the conclusion that no absolutely destruc-
tive effect would happen upon a physical observer crossing the
wormhole throat.
d2xµ/dλ2 + Γµαβ(dx
α/dλ)(dxβ/dλ) = 0, we consider the
norm of the tangent vector, uµu
µ = −k, where k = 0(1)
for null(time-like) geodesics. This is advantageous due to
the large amount of symmetry present in our problem,
which allows us to rotate the plane to make it coincide
with θ = π/2 without loss of generality, and to iden-
tify two conserved quantities, namely, E = Adt/dλ and
L = r2dϕ/dλ [see [28] for a more detailed explanation of
this point]. Thus, with the line element (48) the geodesic
equation reads
−A
(
dt
dλ
)2
+
1
A(x)Ω2+
(
dx
dλ
)2
+ r2(x)
(
dϕ
dλ
)2
= −k ,
(63)
and can be rewritten in terms of the conserved quantities
as
1
Ω2+
(
dx
dλ
)2
= E2 −A
(
k +
L2
r(x)2
)
. (64)
In the Reissner-Nordstro¨m solution of the Einstein-
Maxwell field equations one finds that null radial
geodesics (k = L = 0) are incomplete, namely, they can-
not be extended to arbitrarily large values of the affine
parameter, but instead finish at r = 0 [where they meet
the curvature divergence] in a finite affine time with no
possibility of further extension beyond this point [because
r > 0] hence, the singular character of that spacetime
[see e.g. Ref.[33] for a full description of this case]. In
our case it is convenient to rewrite the equation (63) in
terms of the radial coordinate r using Eq.(41), which for
null radial geodesics yields the result
1
Ω2+
[
(n− 1)|Ωˆ|n2
(
1 + n4
z|Ωˆ|z
|Ωˆ|
)
+ σ+
]2
Ω−
(
dr
dλ
)2
= E2 .
(65)
Around the throat, x = 0, using the approximations (53)
and Ω+ ≃ 2 one gets the result 1Ω
−
(
dr
dλ
)2 ≃ E2, whose
integration can be conveniently written as
±Eλ(x) ≃
∫
dz
Ω−(z)1/2
=


x0 +
√
z − 1 if x > 0
x0 −
√
z − 1 if x < 0

 .
(66)
where x0 ≃ 0.59907 is a constant. In Fig.3 we have plot-
ted the behaviour of these geodesics for E = 1 around
the wormhole throat, where the approximations above
are valid. In the GR case (dotted red line) one has
λ(x) = x and, since in that case x > 0, one finds a
geodesically incomplete spacetime. However, the devi-
ations introduced by the new dynamics of the models
with 1/2 < n ≤ 1 and, in particular, the emergence of
the wormhole, allow null radial geodesics to be complete.
This is in agreement with the fact that the function Ω−
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encoding both the wormhole structure and the geodesic
equation takes exactly the same form as that of the stan-
dard Born-Infeld gravity (n = 1), which has been shown
in [27] to be geodesically complete for these null radial
geodesics. Moreover, since standard Born-Infeld grav-
ity has also been shown to be geodesically complete for
time-like and null geodesics with L 6= 0, and given the
fact that the presence of angular momentum in (64) in-
troduces an additional r2(x)-dependent term [but which
we recall has the same behaviour around the throat in all
the 1/2 < n ≤ 1 models], the same complete behaviour
for these geodesics will hold for the models considered in
this section.
Figure 3. Affine parameter λ as a function of the radial coor-
dinate x for radial null geodesics and E = 1. The tiny solid
black line around x = 0 corresponds to the class of models
with 1/2 < n ≤ 1, which holds only around the wormhole
throat [see the approximations employed in the text], while
the dashed blue line corresponds to the standard Born-Infeld
gravity (n = 1) in full range. The (straight) dotted red line
corresponds to the GR geodesics, λ(x) = x, which are only
defined for x > 0. It is immediately seen that the affine pa-
rameter λ(x) can be smoothly extended across the wormhole
throat for any model 1/2 < n ≤ 1.
B. n > 1
Using the corresponding equations and discussion of
section (IVC3), to lowest order in (z − 1) now one gets
the result
dG
dz
= 4
√
2
n (
4
n−1 )
1
2n−1(1− z) 12n−1 +O(z − 1)−1(67)
G(z) = −1/δnc + 8
√
2( 4n−1 )
1
2n−1(1 − z) 12n +O(1) ,(68)
where δ
(n)
c = −1/β2(n), and β2(n) arises as an integra-
tion constant for each model, similarly defined as in the
cases 1/2 < n ≤ 1. Inserting this into the definition of
A(z) yields
A(z) ≃ (δ1 − δ
(n)
c )
2δ2δ
(n)
c ξ(n)(z − 1) 2n−12
(69)
+
1
2
− δ1η(n)
δ2
(1 − z) 1−nn + . . . ,
where ξ(n) = n√
2
( 4n−1 )
2n−1
2n and η(n) = 8n (4/(n−1))
1−2n
n
are two constants. In this case, computation of the
Kretschman scalar yields the generic divergent result
K ≃ a(δ1 − δ
(n)
c )2
(z − 1)2(n+1) + . . . , (70)
(a a constant) which cannot be completely removed even
for the choice δ1 = δ
(n)
c (unlike in the previous case), due
to the existence of many additional divergent terms in
the expression (70) whose factor structure is not of the
form (δ1 − δ(n)c ).
In any case, the important point here is to realize that,
though the radial coordinate bounces off at x = 0 [see
Fig.4], now it satisfies that dzdx |x=0 6= 0, as opposed to
the cases 1/2 < n ≤ 1, where one has dzdx |x=0 = 0. The
relevance of this statement lies on the fact that, in order
to have a well defined wormhole geometry, the latter con-
dition has to be satisfied (see [29], chapter 11.2). Thus,
the lack of regularity of the bounce and of a well defined
wormhole geometry makes a geodesic completeness anal-
ysis to be ill defined. As we were interested in looking
for regular solutions, we shall not proceed further with
the analysis of the corresponding geometries.
Figure 4. The radial function z(x) around the wormhole
throat for the models with n = 2 (solid black), n = 3 (dashed
blue) and n = 5 (dotted red). In this plot we have used the
approximation (57). As opposed to the 1/2 < n < 1 cases,
the bounce in the radial coordinate is not completely smooth
since it fails to satisfy the condition dz
dx
|x=0 = 0 and thus these
cases are unlikely to be interpreted as genuine wormholes.
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VI. CONCLUSIONS
In this work we have worked out a formalism for study-
ing black hole spacetimes in the context of functional
extensions of Born-Infeld gravity, motivated by the fact
that such a theory has been recently shown to be able to
remove spacetime singularities. These extensions are for-
mulated in the Palatini approach, where metric and con-
nection are regarded as independent degrees of freedom.
We have shown that they satisfy a set of second-order
field equations that recover the GR equations in vacuum
(with a cosmological constant term, in general) and are
consequently free of ghosts. This analysis complements
other extensions of Born-Infeld gravity recently consid-
ered in the literature [26], whose interest has greatly in-
creased due to the many applications in astrophysics and
cosmology that these theories have.
In this work we have focused on the innermost struc-
ture of electrovacuum black hole solutions, and studied
in detail a family of power-law models labelled by a sin-
gle parameter, n. Such a family is introduced mainly
due to two reasons: first, recovery of GR plus quadratic
corrections in the low-energy limit, ǫ → 0 (where regu-
lar black hole solutions have been also found, see [27])
and, second, analytical tractability of the correspond-
ing field equations. The latter have been solved and we
have found a closed expression for the metric functions.
These can be expanded in the region where strong devi-
ations with respect to GR predictions can be found, and
their behaviour there splits the analysis into the cases
0 < n < 1/2, 1/2 < n ≤ 1 and n > 1. In the cases
1/2 < n ≤ 1 we have found that the radial function r(x)
reaches a minimum radius rc at x = 0, representing the
throat of a wormhole which gives a finite structure to
the point-like singularity of GR, and smoothly bounces
off there, being naturally extended to the x < 0 region.
By studying the behaviour of the metric functions at rc,
which is the same for all models belonging to this class,
we considered the geodesic equation and showed that, as
opposed to the GR counterparts, geodesics can be ex-
tended to arbitrarily large values of the affine parameter.
Therefore, like in the standard Born-Infeld gravity case,
n = 1, and according to the standard definitions and
assumptions employed in the singulary theorems, these
solutions represent non-singular spacetimes despite the
generic divergence of the curvature scalars at the worm-
hole throat.
Together with related studies in higher dimensions [23]
or f(R) models recently considered in the literature [34],
this analysis suggests that wormholes might be quite a
generic feature of many Palatini theories of gravity, a
fact which could offer new insights for the understanding
and avoidance of spacetime singularities in the context of
modified theories of gravity. It is worth pointing out that
such wormholes are supported by matter sources that sat-
isfy the energy conditions. Moreover, they do not arise
as a result of any of the so-called copy-and-paste proce-
dures, by which two asymptotically flat spacetimes are
matched at a given junction interface (like, for instance,
in a thin-shell [35]) to form a geodesically complete space-
time (see e.g. [36] for several spacetimes constructed this
way). This is indeed the standard procedure employed to
construct wormholes in the context of GR [37], by which
a given wormhole geometry is given first and then the
Einstein equations are driven back in order to obtain the
matter sources supporting that geometry. As opposed
to that case, the wormhole geometries found here flow
directly from the resolution of the field equations corre-
sponding to well defined actions. In this sense, the Pala-
tini formulation is also essential to having second-order
field equations that can be analytically worked out.
To conclude, let us point out that Born-Infeld gravity
and its functional extensions constructed here have been
recently shown to be particular cases of a larger family of
gravitational actions built as functions of the five poly-
nomial invariants, ei(|Ωˆ|), that can be constructed out of
the matrix |Ωˆ|, namely
SgenBI = λ
4
∫
d4x
√−g
4∑
n=0
βnen(|Ωˆ|) , (71)
[see Ref.[38] for definitions and details] where the case
just studied in this work corresponds to the polynomi-
als e0 (the identity) and e4 (the determinant). It would
be nice to investigate similar electrovacuum scenarios in
these theories both to enlarge our knowledge of wormhole
physics and to investigate in more detail the avoidance of
spacetime singularities in Born-Infeld-type and Palatini
theories of gravity. Work along these lines is currently
underway.
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